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Edited by Maurice MontalAbstract We applied the small interfering RNA (siRNA) tech-
nique and over-expression of a dominant-negative mutant to
evaluate the role of SNAP-23, a non-neuronal isoform of
SNAP-25, in constitutive exocytosis from HeLa cells. Although
the protein level of SNAP-23 was reduced to less than 10% of the
control value by siRNA directed against SNAP-23, exocytosis of
SEAP (secreted alkaline phosphatase) was normal. Double
knockdown of SNAP-23 and syntaxin-4 also failed to inhibit
the secretion. Furthermore, over-expression of dC8-SNAP-23,
a dominant-negative mutant of SNAP-23, did not abrogate
SEAP secretion. These results suggest that SNAP-23 is not
essential for constitutive exocytosis of SEAP.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
Keywords: SNAP-23; siRNA; Dominant-negative mutant;
Constitutive exocytosis; SEAP1. Introduction
A set of cognate SNAP receptors (SNAREs), which reside
either on transporting vesicles (v-SNAREs) or on target mem-
branes (t-SNAREs), plays a crucial role in the targeting and
fusion of various membrane compartments from the endoplas-
mic reticulum to the plasma membrane in exocytotic pathways
[1–4]. SNAP-23, a non-neuronal isoform of SNAP-25, is a t-
SNARE that possesses two tandem SNARE motifs (Qb and
Qc) [1–5]. The gene family of SNAP-25 contains so far only
four known members, i.e., SNAP-25, which is mainly ex-
pressed on the plasma membrane of neuronal and endocrine
cells; SNAP-23, which is ubiquitously expressed on the plasma
membrane and other intracellular membranes; and SNAP-29
and the newest member, SNAP-47, both of which are ubiqui-
tously expressed on various intracellular membranes [6–10].
Thus SNAP-23 is widely believed to play a key role for both
regulated and constitutive exocytosis in most cells that do
not express SNAP-25. On the plasma membrane SNAP-23
can make a complex with one of 4 syntaxin-family proteinsAbbreviations: siRNA, small interfering RNA; GFP, green ﬂuorescent
protein; NSF, N-ethylmaleimide-sensitive fusion protein; SNAP,
soluble NSF attachment protein; SNARE, SNAP receptor; VAMP,
vesicle-associated membrane protein; SEAP, secreted alkaline phos-
phatase (human placental alkaline phosphatase)
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other hand, a secretory vesicle has a v-SNARE whose SNARE
motif is R, because the middle of the motif is arginine (R) in-
stead of glutamine (Q) for those t-SNAREs. When the plasma
membrane and secretory vesicles dock and fuse for exocytosis,
the three Q motifs (Qa,b,c) on the plasma membrane and the
one R motif on the secretory vesicle membrane form a four-he-
lix-bundle structure, the trans-SNARE complex. The rule of
Qa,b,c plus R is strongly believed to be valid in a wide variety
of intracellular membrane fusion from the endoplasmic reticu-
lum to the plasma membrane [1–4].
The role of SNAP-25 in regulated exocytosis in neuronal and
endocrine cells has ﬁrmly been established by the application of
clostridial neurotoxins and by using gene knockout mice [11].
However, the SNAP-23 of most species except canine [12,13]
has no consensus cleavage site for neurotoxins; and no gene
knockout animals are so far available for SNAP-23. Therefore,
the dominant-negative forms of SNAP-23, whose C-terminal
peptide is truncated corresponding to the cleavage site of
SNAP-25, have widely been utilized to investigate the role of
SNAP-23 in regulated and constitutive exocytosis. An adenovi-
rus expression vector bearing a dominant-negative mutant
SNAP-23 signiﬁcantly inhibited insulin-mediated GLUT-4
transport in adipocytes [14] and cholecystokinin-stimulated
amylase exocytosis from pancreatic acinar cells [15]. The
expression of an identical dominant-negative variant inhibited
constitutive recycling of the cell-surface expression of the neu-
ronal glutamate transporter EAAC1 in C6 glioma cells [16].
Similarly, the constitutive secretion of immunoglobulin was
clearly inhibited, when the recombinant protein of dominant-
negative SNAP-23 was introduced into human plasma cells
[17]. Furthermore, the constitutive transferrin recycling in
MDCK cells, a canine cell line, was sensitive to Botulinum neu-
rotoxin E, which cleaves SNAP-23, and to anti-SNAP-23 anti-
body [13]. The transcytosis of IgA in MDCK cells was also
inhibited by Botulinum neurotoxin E [18,19].
We have been studying the traﬃcking and the function of
SNAREs in exocytotic pathways by expressing various GFP-
tagged SNAREs [20–23]. In the present study for the ﬁrst time
we applied small interfering RNAs (siRNAs) directed against
SNAP-23 to evaluate the role of SNAP-23 in constitutive
exocytosis. Unexpectedly, however, the siRNA had no eﬀect
on the constitutive exocytosis of SEAP (secreted alkaline
phosphatase) from HeLa cells, although the siRNA strongly
reduced the level of SNAP-23 protein to less than 10% of
the normal level. Furthermore, over-expression of the domi-
nant-negative form of SNAP-23 also failed to inhibit the
exocytosis.blished by Elsevier B.V. All rights reserved.
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2.1. Materials
Antibodies for SNAREs, including anti-SNAP-23 (rabbit, poly-
clonal) and anti-syntaxin-4 (rabbit, polyclonal), were all purchased
from Synaptic System (Goettingen, Germany); and anti-b-actin (clone
AC-15, monoclonal) and anti-FLAGM2 (monoclonal) were from Sig-
ma (Saint Louis, USA). SEAP reporter gene assay system and Com-
plete mini, a protease inhibitor cocktail, were purchased from Roche
Diagnostics (Mannheim, Germany). The luciferase assay system used
was obtained from Promega (Madison, WI, USA). All other chemicals
utilized were of the highest grade commercially available.2.2. Cell culture
HeLa cells were cultured in 35 mm plastic culture dishes with or
without 12 mm cover glass base at 37 C, 5% CO2 in Dulbecco’s mod-
iﬁed Eagle’s medium (DMEM, Sigma) supplemented with 10% fetal
bovine serum, 100 units/ml penicillin, and 100 lg/ml streptomycin.2.3. Preparation of siRNAs and dominant-negative SNAP-23 expression
vectors
Small interfering RNA with 21 or 27 base pairs for SNAP-23 and
syntaxin-4 were designed with three diﬀerent algorithms provided by
Ambion (Austin, TX, USA), iGENE Therapeutics Inc. (Tsukuba, Ja-
pan), and Integrated DNA Technologies Inc. (Coralville, IA, USA).
The sequences of the siRNAs mainly used in these experiments were
5 0-CCAACAGAGAUCGUAUUGAtt-3 0(sense) and 5 0-UCAAUAC-
GAUCUCUGUUGGtg-30(antisense) for SNAP-23 (Ambion), and
5 0-GGAGGAAGCUGAUGAGAACUAUAAC-3 0(sense) and 5 0-G-
UUAUAGUUCUCAUCAGCUUCCUCCUU-3 0(antisense) for syn-
taxin-4 (Integrated DNA Technologies). Control siRNA and b-actin
siRNA were pre-designed ones (Ambion).
The expression vector of human dC8-SNAP-23 with an N-terminal
FLAG epitope, a dominant-negative form of SNAP-23, and its control
vector, dC49-SNAP-23, were prepared as described below. cDNAs for
human SNAP-23 with 8 and 49 amino acids deleted from its C-termi-
nus were ampliﬁed by RT-PCR from total RNA prepared from HeLa
cells. The primer sets used were 5 0-GCGAATTCAATGGATAATC-
TGTCATCAGAAGAAATTC-3 0 and 5 0-CGGGATCCTTAGGCA-
TTGGCAATATCAATACGATC-3 0 for dC8-SNAP-23, and 5 0-GC-
GAATTCAATGGATAATCTGTCATCAGAAGAAATTC-3 0 and
5 0-CGGGATCCTTAGATACTGCCCACTTGAGTCAGGTTC-3 0
for dC49-SNAP-23. The cDNAs of dC8-SNAP-23 and dC49-SNAP-23
were subcloned into the EcoRI-BamHI site of the expression vector of
FLAG (pFLAG-CMV-5c, Sigma). All sequences ampliﬁed by PCR
were conﬁrmed with ABI-310 sequence analyzer after the constructs
had been made. The expression of recombinant proteins was examined
by immunoblotting with anti-FLAG antibody.2.4. Determination of exocytosis
Up to 100 nM siRNA for each SNAREs or control was introduced
into HeLa cells by using siPORT NeoFX (Ambion) according to the
manufacturer’s instruction. The cells were co-transfected with the mix-
ture of SEAP and ﬁreﬂy luciferase expression vectors by lipofection
with Eﬀecten (Quiagen). Similarly, cells transfected with dC8-SNAP-
23 or dC49-SNAP-23 plasmids were co-transfected with the mixture
of the plasmids of SEAP and luciferase. After the transfection, the cells
were incubated overnight and then washed twice with normal medium
and further incubated for 1–6 h for determination of SEAP secretion.
After each incubation time, an aliquot (100 ll) of medium was re-
moved and centrifuged at 5000 rpm for 30 s, and the supernatant
was used to determine the SEAP activity. After the ﬁnal sampling
for SEAP, cells in each culture dish were solubilized; and the luciferase
activity in the cell lysate was determined to normalize the transfection
eﬃciency among culture dishes. The activity of SEAP (Roche) and
luciferase (Promega) was determined by using chemiluminescence as-
say kits according to each manufacturer’s instruction.
2.5. Immunoprecipitation
HeLa cells, transfected 2 days prior with dC8-SNAP-23 or dC49-
SNAP-23 plasmids, were pelleted and homogenized at 0 C in 1 ml
of PBS containing 2% Triton X-100, 5 mM EDTA and 1 · Complete
mini by extrusion through a 27-gauge needle. The cell lysate was cen-trifuged at 5000 rpm for 1 min, and the resulting supernatant was used
for immunoprecipitation. Aliquots of the supernatant were rotated at
4 C overnight with anti-FLAG IgG-conjugated agarose beads (Sig-
ma). The beads were washed ﬁve times with PBS containing 1% Triton
X-100 and then boiled in 50 ll of SDS sample cocktail. Co-precipita-
tion of syntaxin-4 with dC8-SNAP-23 or dC49-SNAP-23 was exam-
ined by immunoblotting with anti-syntaxin-4 and anti-FLAG
antibodies.
2.6. Immunoblotting
After the incubation medium had been removed, cells in 35 mm cul-
ture dishes were lysed with 0.5 ml of SDS sample cocktail and boiled
for 5 min. The proteins were diluted, applied to a 5–20% gradient
SDS–PAGE gel (ATTO, Tokyo), resolved at 30 mA for 50 min, and
transferred to a PVDF membrane (Immobilon-P, Millipore) at
100 mA per mini-gel (90 · 73 · 1 mm) for 60 min in a semi-dry blotter
(ATTO) with 0.1 M Tris–0.192 M glycine buﬀer containing 5% meth-
anol. The membrane was blocked with Block Ace (Yukijirushii, To-
kyo) at room temperature for 2 h or overnight at 4 C, and then
incubated with properly diluted primary antibodies in PBS containing
0.05% Tween-20 (PBST) and 20% Block Ace for 1 h at room temper-
ature. The membrane was washed three times with 50 ml PBST for
10 min each, and was further incubated for 1 h with secondary anti-
bodies for rabbit or mouse IgG. Membranes were again washed three
times with PBST as above, and HRP activity of the secondary antibod-
ies was visualized with the ECL or ECL plus (GE Healthcare, USA).
Images were captured and analyzed by an ATTO Cool Saver (ATTO).3. Results
3.1. Eﬀects of siRNAs for SNAP-23
We ﬁrst examined the eﬀect of several siRNAs directed
against SNAP-23, which were designed by three diﬀerent algo-
risms, on the levels of SNAP-23 mRNA and its protein in
HeLa cells. The level of mRNA was estimated by RT-PCR
at 48 h after the introduction of siRNAs and was normalized
by the level of GAPDH mRNA. The protein level of SNAP-
23 was determined by Western blotting at 84 h after siRNA
introduction and normalized by the level of b-actin. As shown
in Fig. 1A and B, three kinds of siRNA with 21 base pairs,
which were designed by two diﬀerent kinds of software, max-
imally reduced the protein levels to less than 10% of the con-
trol value. We later examined the eﬀect of another siRNA
with 27 base pairs, but the eﬃciency of SNAP-23 protein
reduction was less prominent than that obtained with the 21
base pairs (data not shown). Thus, throughout this study we
used the most eﬀective siRNA with 21 base pairs, as detailed
in Section 2.
Next we examined the eﬀect of the siRNA on constitutive
exocytosis from HeLa cells. To measure the exocytosis, we
co-transfected the cells with the expression vectors of SEAP
and ﬁreﬂy luciferase as a secretory marker and internal control
for the normalization of transfection eﬃciency, respectively.
Unexpectedly, however, the siRNA of SNAP-23 (100 nM)
did not disturb SEAP secretion from the HeLa cells
(Fig. 1C), although SEAP secretion was strongly inhibited
with 10 lg/ml Brefeldin A (Fig. 1D).3.2. Double knockdown of SNAP-23 and syntaxin-4
SNAP-23 is widely considered to act as a t-SNARE in com-
plex with syntaxin-4 [1,14,21,22]. Therefore we introduced siR-
NA directed against syntaxin-4 in combination with the
siRNA of SNAP-23 and examined the combinatorial eﬀect
on the exocytosis. For these experiments, we prepared syn-
taxin-4 siRNA with 27 base pairs. The 100 nM siRNA
β-actin
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Fig. 1. Eﬀect of siRNAs for SNAP-23 on the level of SNAP-23 protein and SEAP secretion in HeLa cells. (A) HeLa cells were separately treated with
100 nM siRNAs directed against SNAP-23, b-actin (positive control), and control siRNA (negative control). Cells were incubated for 4 days, and
then the level of SNAP-23 and b-actin in the cell lysates was analyzed by immunoblotting. Lane 1, control siRNA; Lane 2, siRNA for b-actin; Lane
3, SNAP-23 siRNA (No. 1 in panel B); Lane 4, SNAP-23 siRNA (No. 2 in panel B); Lane 5, SNAP-23 siRNA (No. 3 in panel B); Lane 6, no
treatment. (B) The relative intensity of immunoreaction is given as a percent of the intensity obtained with the control siRNA taken as 100%. The
cellular expression level of SNAP-23 in each culture dish was normalized with that of b-actin, an internal control. Cont, control siRNA; 1–3, siRNAs
for SNAP-23. (C) SNAP-23 siRNA (100 nM) and control siRNA were separately introduced into HeLa cells 3 days before transfection with the
mixture of SEAP and ﬁreﬂy luciferase expression vectors. The cells were further incubated overnight, after which SEAP secretion was determined.
The activity of SEAP released into the incubation medium was normalized with the luciferase activity in the cell lysate. Data shown are the
means ± S.D. (n = 3) of a typical experiment from ﬁve separate ones. (D) Eﬀect of Brefeldin A (BFA) on SEAP secretion. HeLa cells, transfected with
the mixture of SEAP and ﬁreﬂy luciferase expression vectors overnight, were washed two times with the incubation medium, and then incubated for
another 2 h in the fresh medium containing 10 lg/ml Brefeldin A or its vehicle (0.1% ethanol). Data shown are the means ± S.D. (n = 3) of two
experiments.
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20% of the control level (Fig. 2A). However, the decrease in
syntaxin-4 by itself did not abrogate SEAP secretion; and fur-
thermore, the double knockdown of SNAP-23 and syntaxin-4
hardly inhibited it (Fig. 2C).
Thus we examined the possibility that the level of other t-
SNAREs might have increased to compensate when SNAP-
23 and syntaxin-4 levels were decreased. As shown in
Fig. 2B, however, the protein levels of syntaxin-2, syntaxin-3,
and SNAP-29 were unaltered in the cells in which SNAP-23
and syntaxin-4 had been decreased extensively. In addition,
syntaxin-1 and SNAP-25 were undetectable in HeLa cells.
3.3. Eﬀect of dC8-SNAP-23
To obtain a separate line of evidence for the above ﬁndings,
we examined the eﬀect of human dC8-SNAP-23, a dominant-
negative form of SNAP-23, which corresponds to the trun-
cated form of SNAP-25 that is cleaved by Botulinum
neurotoxin A [14]. It was previously reported that syntaxin-4
could bind to dC8-SNAP-23 but not to dC49-SNAP-23, whoseC-terminal SNARE motif (Qc) is completely deleted. Thus,
HeLa cells were transfected with the plasmids of human
dC8-SNAP-23 and dC49-SNAP-23, both of which had a
FLAG epitope at their N-termini; and the fusion proteins were
immunoprecipitated with an anti-FLAG antibody conjugated
to agarose-beads. The co-precipitation of syntaxin-4 with the
mutant SNAP-23 was then examined. As shown in Fig. 3A,
syntaxin-4 was co-precipitated with dC8-SNAP-23 but not
with dC49-SNAP-23, suggesting that human dC8-SNAP-23
could also act as a dominant-negative SNAP-23. Then we
examined the eﬀect of these mutants on constitutive exocytosis.
As shown in Fig. 3B, however, the over-expression of neither
mutant abrogated SEAP secretion.4. Discussion
SNAP-23 has widely been recognized as a non-neuronal
SNAP-25 homologue, and several lines of substantial evidence
have strongly supported the role of SNAP-23 in regulated and











































Fig. 2. Eﬀect of double knockdown of SNAP-23 and syntaxin-4 on the expression of various SNAREs and SEAP secretion in HeLa cells. Small
interfering RNAs (100 nM) for SNAP-23 and syntaxin-4 were introduced separately or in combination into HeLa cells 3 days before transfection
with the mixture of SEAP and ﬁreﬂy luciferase expression vectors. The cells were further incubated overnight, and then SEAP secretion and the
luciferase activity in the cell lysate were determined. (A) The level of SNAP-23 and syntaxin-4 in the cell lysates was analyzed by immunoblotting with
anti-SNAP-23 and anti-syntaxin-4 antibodies. Lane 1, cells transfected with control siRNA; Lane 2, with SNAP-23 siRNA; Lane 3, with syntaxin-4
siRNA; Lane 4, with SNAP-23 siRNA plus syntaxin-4 siRNA. (B) The expression of syntaxin-1, -2, -3, SNAP-25, and SNAP-29 was also examined
by using the same cell lysates and immunoblotting with their speciﬁc antibody. (C) The activity of SEAP released into the incubation medium was
normalized with the luciferase activity in the cell lysate. Data shown are the means ± S.D. (n = 3) of a typical experiment from ﬁve independent ones.
4586 M. Okayama et al. / FEBS Letters 581 (2007) 4583–4588constitutive exocytosis in non-neuronal cells [12–19]. Since so
far no gene knockout animals of SNAP-23 have become avail-
able, and the eﬀect of siRNA directed against SNAP-23 has yet
been examined, in the present study we for the ﬁrst time ap-
plied the siRNA technique to examine the role of SNAP-23
in constitutive exocytosis. Unexpectedly, however, SEAP
secretion was normal in HeLa cells (Figs. 1C and 2C) whose
SNAP-23 protein level had been reduced to less than 10% of
the control value by the siRNA (Figs. 1A and 2A). Further-
more, over-expression of a dominant-negative mutant of
SNAP-23 also had no eﬀect on SEAP secretion (Fig. 3B).
SEAP secretion, however, is a good marker for constitutive
exocytosis, since the secretion of SEAP was strictly quantita-
tive, time-dependent, and strongly inhibited by Brefeldin A
(Fig. 1D).
There are several possible reasons why siRNA of SNAP-23
had no eﬀect on the constitutive exocytosis of SEAP. Namely,
(1) the gene-silencing eﬀect of the siRNA was insuﬃcient for
inhibiting the exocytosis, implying that the remaining SNAP-
23 (10% of the control) would be suﬃcient to support the
normal exocytosis that would be increased by over-expression
of SEAP; (2) other SNAREs that have Qb and Qc motifs can
compensate for the blocked role of SNAP-23, although the
plasma membrane does not express other SNAREs that have
Qb or Qc [1]. This would mean that SNAP-29 and SNAP-
47, both of which usually reside on intracellular membranes
and participate in basic intracellular membrane fusion [6–10],
can be involved in the ﬁnal step of constitutive exocytosis. In
addition, SNAREs, such as Vilt1b with Qb and syntaxin-8
with Qc, both of which reside in early and recycling endo-
somes, may also be involved in constitutive exocytosis [1];and (3) SNAP-23 is unnecessarily involved in all constitutive
exocytosis, which means that other SNAREs as mentioned
above are the normal components in some constitutive path-
ways.
The identical reasons may also be given to explain why the
over-expression of dC8-SNAP-23 had no eﬀect on SEAP secre-
tion. As reported in the original paper [14], the dC8-SNAP-23
inhibited insulin-stimulated GLUT-4 transport, but not
GLUT-1 transport, indicating that at least GLUT-1 transport
is independent of SNAP-23. From these ﬁndings the authors
suggested that SNAP-23 might regulate the post-endocytotic
compartment but not the recycling endosomal compartment,
because GLUT-1 is predominantly targeted to the recycling
endosomes, whereas GLUT-4 seems to be localized in both
the recycling endosomal compartment and the post-endosomal
one [24,25]. Furthermore, syntaxin-4 and VAMP-2 participate
in the transport of GLUT-4 but not that of GLUT-1, suggest-
ing that the combination of SNARE proteins for GLUT-1
transport is completely diﬀerent from that for GLUT-4 trans-
port [24,25].
In addition to their presence in the plasma membrane,
SNAP-23 and SNAP-25 have been reported to be localized
on the intracellular membranes [26–29], such as recycling
and sorting endosomes, and Aikawa et al. [28,29] suggested
that SNAP-25 is also involved in the membrane recycling pro-
cess as an endosomal Q-SNARE. The introduction of Botu-
linum neurotoxin E into canine cells and the over-expression
of dominant-negative mutants of SNAP-23 signiﬁcantly inhib-
ited recycling process of transferrin and EAAC1 [13,16], sug-
gesting that SNAP-23 is also involved in the constitutive











































Fig. 3. Eﬀect of over-expression of dominant-negative SNAP-23 on
constitutive exocytosis of SEAP from HeLa cells. (A) HeLa cells were
separately transfected with the plasmids of dC8-SNAP-23, a dominant-
negative SNAP-23, and dC49-SNAP-23, a control mutant, both of
which were tagged at their N-terminus with the FLAG epitope. The
cells were incubated for 2 days, and each mutant was immunoprecip-
itated from cell lysates with anti-FLAG IgG-conjugated agarose
beads. The protein–protein interaction between the mutant SNAP-23
and syntaxin-4 was examined by immunoblotting with anti-syntaxin-4
antibody. Lane 1, cells transfected with FLAG-tagged dC8-SNAP-23;
Lane 2, cells transfected with FLAG-tagged dC49-SNAP-23. (B) The
plasmids of dC8-SNAP-23 and dC49-SNAP-23 were separately intro-
duced into the cells 1 day before the transfection of the mixture of
SEAP and ﬁreﬂy luciferase expression vectors. The cells were further
incubated for 24 h, after which SEAP secretion was determined. The
activity of SEAP released into the incubation medium was normalized
with the luciferase activity in the cell lysate. Data shown are the
means ± S.D. (n = 3) of a typical experiment from ﬁve independent
ones.
M. Okayama et al. / FEBS Letters 581 (2007) 4583–4588 4587Q-SNARE. The data of the present study and previous ﬁnd-
ings collectively suggest that SNAP-23 may be involved in con-
stitutive exocytosis, but is not essential at least for constitutive
exocytosis of secretory proteins that do not enter the recycling
pathway.
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